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PEKFORMANCE OF 24-IECR SWERWNICAXIAL-=COMBRESSORIElAJR 

III - COMPRESSOR -awITH-GuIIxE:vm 

By Melvin J. BWtmennandEdward.R.Tysl 

As a continuation of the research program on supersonic axial- 
flow compressors, the 24-inoh-diameter rotor was run with a set of 
hl8t guide vanes d8Sm8d t0 ~~?OVEI the relative inlet Mach num- 
ber distribution near the hub. a The h18t guide vanes were con- 
struoted of sheet-metal plates form8d to airfoil mean-line shapes 
with design turn- of about 7' in a counter-wheel-rotation dlr- 
eotion. The results obtained with this set of inlet guide vanes 
are compared with the data obtained without inlet guide vanes. 

The use of these inlet guide vanes resulted in a decrease in 
max3mum pressure ratio and adtibatic efffciency and a slight 
inWeaS8 b-~ eqUiVEd8At IaaSS flow over mOSt of the speed -8 of 
this investigation. The loss in total-pressure ratio and effi- 
cfency resulted from reduced diffusion in the rotor-blade passages 
and increased shock losses encountered atthe higher entrance Mach 
numb8r, as well as inCr8aS8d mixing losses act ompanya increased 
boundary-layer thictiss, separation, and transfer of mass flow 
toward the compressor hub. The unsteady flow field Created at the 
compressor entrance by the wakes is also responsible for so?318 of 
the losses in performance encountered in the use of inlet guide van8s. 
This inherent loss will be encountered whenever inlet guide vanes 
are used with the shock-in-rotor type supersonic mmpr8sS0ro 

3JXTROB?XTICrfJ 

It has been demonstrated (referenoes 1 and 2) that the shock- 
in-rotor type supersonic ccmpessor can produce a high stage pres- 
sure ratio anda highmass flowper unitannulararea. In the ffrst 
investigation conducted on this cvssor rotor, very few mechanf- 
cal difficulties, such as blade vibration or leading-edge damage, 
w8re encountered. It therefore appears that a compressor of the 
shock-a-rotor tyg8 may fulfill some of the requirements of the 
turbojet engine. 
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Th8 material presented in this.report iS a COntlnuati~ of the 
compr8seor investigation reported in references 1 and 2, In ref- 
erences 1 and 2, true design operatian was not obtained at the 
design 8qUiVal8nt tip Speed af 1600 feet per S8COnd because the 
Mach number relative to the rotor blades at the hub section was 
not high enough for shock atta,chment to the loo 18ading-edge wedge 
angle. In the preViOUS investigation, kh8 r8htiV8 8ntraIXe M~3ch 
number was inGreased by overspeeding the compressor, which pro- 
duced performance characteristics similar to those exp8oted for 
this supersonic compressor. It was thought, h0w8V8rj that improved 
performance oould be obtained at an equivalent tip speed of 
1600 feet per second 3.f a slightly higher relative entrance Maoh 
number was obtained at the ccxqr8ssor hub through the us8 of inlet 
guide vanes. 

A f38t Of inlet guide Vanes w&S desi&8d to increase the Z'el.a- 
tive entranae Mach number at the rotor hub section. The compr8ssor 
with these iIll8t guide Vanes was investigated over a rang8 of equiv- 
alent tip speeds from 996 to 1801 f88t per s8C0Ild. In addition to 
the over-all performance measurements, radial surveys of total pres- 
SUr8, static pressure, and air-flow angle were made upstream and 
downstream of the supersonic-compressor rotor. This report presents 
an analysis cxP the experimental results obtained. 

APPARATUS 

Th8 COmpI?8SBor rOtOr and variable-component test rig used in 
this tive8tigation were the same as those described ti reference 1. 
The tilet guide vanes were lnstalled so that the t$ailing edges of 
the inlet g&de vanes at the pitch section w8re 1~ inches upstream 
of the leading edge of the compressor rotor (fig. 1). 

Inlet guide vanes, - The inlet guide vanes w8re designed to 
give 70 turning at the rotor hub (against rotation) and O" turning 
at the rotor tfp S8#ii0Il. The purpose of this deeign turning was 
to inCr8a6e the r8htfV8 8ntraIX8 Mach number at the OOmpreSSOr hub. 
The d8sign of th8S8 &de vanes wae based on the r8sults published 
in reference 3, on the assumption that turning does not change with 
blade thiokn8ss. The 23 blades, which have a design Bolidity of 
0.88, were 0.060-inch-thick sheet-metal plates shaped to the mean 
line of the 65-88rieS airfoil. The leadingand trailing edges were 
333-a to a radLus arp 0.030 indh. 

. 
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Instrumentation. - The fnstrumentatfon used in this investiga- 
tioAWas 88s8ntfally the same as that d8scrIbed III r8f8r8nCs 1. Th8 
air weight flow throUgh the compressor was measur8d by a ZO-inch- 
diameter adjustable OrifiC8. Ccsnpressor entrance conditions were 
measured In the depr8ssion tank. oV8r-all p8rfOrmanC8 WaS evaluated 
from the rake mC!.aSLCem8ntS Of.tOtal pressure and total t8mperatUr8 

4 Fnches downstream of th8 cxxnpressor rotor. A discharge survey 
station for measuring total pressure, static pressure, and air-flow 

-18 was located l.+ inches dOKTBtr8am c& the compressor rotor. B 
addftion, a survey -&trument of the same type as that used down- 
atrem of the compressor rotor was located 3/4 inch upstream of the 
rotor. This st?rvey FnstrUBBnt ?fas located In the Center of a passage 
between tiW0 inlet guide vBneS. 

PROCEDURE 

Guide-van8 oalibraticm. - C-let8 surpeys of total and static 
~essures and afr-flow angles were obtatid downstr8am of the inlet 
guide van8s befOr8 the compressor rotor was inStaLled. The meaSUL%d 
turning angle over the blade Span is shown in figure 2. !Chese data 
r8p8S8nt the average data taken over a rang8 of entrance I&ch nlml- 
b8rS from 0.30 to 0.47. ThelMX3mUm GiZ'CUmferentfal-VarfatiOnfn 
turnimg angle app8ars to be about f3/4O at the pituh section. 
Although the instrumentation was not fine enough for wake evalua- 
tiOIIS, tOi2l-pr88SW8 loss88 Of about 7 percent 09 the 8ntranC8 
total pressure were found in the inlet-guide-vane wakes; whereas 
Il.0 measurable CfrOUmfer8ntial variation in Static pZ%SsUZtX WaS 
observed. Because these clrczmferential variations are quite small, 
the one survey tak8n near th8 center CL? a passage between two inlet 
guide venes closely approximates the capressor inlet condftions, 

Cmnpressor investigations. - The oompr8ssor was operated over 
a range of 8qtzfvalent tip speeds from 996 to 1SOlfeet per second. 
The data were obtained and the compressor performance was calcu- 
bt8a in the same manner as given in ref 8r8nce 2. 

Over-All Performance 

The perfOrmanCemap infigure 3w'as obtafnedwiththe 24.inch 
SUp8rStiC campressor rotor and the fnl8t gUid8 vanes described.. 
At an equivalent tip speed of 1604 feet per s8oond, a maxFmurm 
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pressure ratio of 1.85 was obtafned with an equivalent wei@ flow 
of about 59.7 pounds per second and an adiabatic efficiency af 0.76. 
At the overspeed condition of 1801feet per second, a maximum pres- 
sure ratio of 2.02 was obtained at an equivalent weight flow of 
66.5 pounds per second and an adiabatic efficiency af about 0.67. 
The maximum efficiency of 0.82.uas obtained between the equivalent 
tip speeds of 1200 and l?O.feat. pz second. 

Pigure 4 shows a corresponding performance maD, reproduced 
frcm reference 2, for the compressor tithout inlet guide vanes* 
In general, over most of the range of this investigation, the mass 
flow was increased slightly, whereas the peak pressure ratio was 
decreased and the peak-efficiency range was moved toward the higher 
speed range through the use of the Fnlet guide vanes. 

The performme parameters at peak pressure ratio for the com- 
pressor with and without inlet guide vanes are compared over the 
speed range in fim 5. The peak pressure ratio obtained is higher 
for the compressor without inlet guide vanes over the speed range 
investQated (fig. 5(a)). When the I&A guide vanes were installed, 
the peak gresswre ratio at 16CC.feet p& second drop&d from 1.93 to 
1.85. The adiabatic efficiencies at m.aximum pressure ratio over the 
range of speeds tested are cam-pared in figure 5(b). The use of inlet 
guide vane6 resulted Fn a shirt- of the -urn-efficiency region 
toward the higher speed range. The efficiency was found to fall off 
at a much greater rate with the inlet guide vanes a8 the speed is 
increased. At 1600 feet per second, the use of inlet guide vanes 
dropped the efficiency from 0.79 to 0.77. Figure 5(c) shows that ' 
the equivalent weight flaw far the compressor with inlet guide vanes 
is higher over the entire speed range; at 1600 feet per second, the 
equivalent weight flow increased frctm 58.0 to 59.7 pounds per secad. 

The axial-entrance Mach number for this compressor rotor with 
and without inlet guide vanes for an equivalent tip speed cf 
l6CO feet per second is shown in figure 6(a). The higher axial- 
entrance Mach nlnnber over the entIre passage with the inlet guide 
vane8 correspondstothe Increase inequivalentweightflqw. This 
increase in axial-entrance I&ach numberresulting from the use of 
inlet guide vanes is reflected as an increaee in the relative 
entrance Mach number over the entire blade passage (fig. 6(b)). 
The difference in the distribution of relative entrance Mach num- 
ber over the rotor passage is partly a result of the fact that an 
absolute air angle af about 40 was measured at the compressor 
entrance without inlet guide vanes; whereas tith Inlet guide 
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vanes the absolute air angle was very nearly zero at the compressor 
tip. There is, of course, a greater increase in relative entrance 
Maoh number near the hub due to the turning in the inlet guide 
vanes. The relative entrance airangle (measuredfraantheaxial 
direction) as obtained from the survey instrument for this com- 
pressor with and without inlet guide vanes along with a plot & 
the entrance blade angle is shown in figure 6(c). There is little 
change in relative entrance-air angle for the compressor with and 
without inlet guide vanes* 

Discharge Conditions 

Axial-discharge Mach numbers over the discharge passage are 
compared in figure 7(a). With inlet guide vanes, the axial-dis- 
charge Hach nEmjber falls off at the tip considerably more than 
without inlet guide vanes. The radial profiles ofthetotal- 
pressure ratio for the two configurations are shown in figure 7(b). 
Roth curves peak near the center of the passage; the compressor 
without inlet guide vanes peaks at about 1.96 compred with 1.93 
for the compressor with inlet guide vanes. With inlet guide vanes, 
there is a slight increase in total-pressure ratio near the com- 
pressor hub section. 

Relative conditions at the discharge'&' the rotor'can be 
obtained from the survey data taken behind the campressor rotor. 
The relative discharge E4mh number over the blade span is shown in 
figure 8(a). Over a large portion of the blade span the relative 
discharge Mach nwuber is higher with inlet guide vanes, whereas 
near the blade tips the curves become essentially the same. The 
passage recovery for the two configurations is shown in figure 8(b). 
As expected from the loss in efficiency with inlet guide vanes, the 
passage recovery is somewhat lower over most of the blade span. 
The difference between the two curves increases s-hat near the 
blade tips. 

DISCXBSIOW 

Mass flow. - It has been theorized (reference 4) that the max- 
imum weight flow fnr this typg of compressor would be obtained when 
the air enters parallel to the rear aids of the blades. Measured 
relative entrance angles show that the air does not enter pamllel 
to the rear side of the blades with either configuration. me 
average deviation of the measured relative entrance angle from the 
theorizedmaximuz-plsss-flow angle, however, is about the same in 
both cases. Recause the relative entrance-air angle remains 
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essentially the same and the relative entrance Mach number is 
increased (owing to the increased mential component induced 
by the inlet guide vanes), the axial.-entrance Mach number must 
be increased by the uBe of inlet guide vanes (figs. 5(c) and 
6(a)) l This wnditian accounted for the increased mass flow with 
inlet guide vanes. 

Pressure ratio and efficiency. - The use cxP inlet guide vanes 
resulted in an increase in relative entrance Mach number. The com- 
ma&or operating at this higher relative energy level should pro- 
duce a higher total-pressure ratio; however, the compressor was 
unable to obtain this higher pressure (figs. 5 and 7(b)). This 
shortccrming of the ccanpressor is an Immediate result of an increase 
in the relative discharge Mach number (fig. 8(a)). This higher 
relative discharge Mach number wlth inlet guide vane8 is obtained 
because the increased boundary layer and flow separation reduced the 
effective diffusion in the rotor passage. There is a conSiderable 
increase in this Sep8r8tion at the outer shroud, as shown by a ccan- 
parison of the ax&al-disch8rge Haoh number (fig. 7(a)), which indi- 
cates that there must have been a large transfer cd: the mass flow 
tow8rd the compressor hub. Larger mixing loss'es therefore resulted 
from the use of guide vanes. Although higher Mach numbers were 
obtained at the compressor inlet through the use of guide vanee, the 
potential improvement In pressure ratio was more than offset by the 
increased flow separation in the rotor caused by the guide vanes. 
These mixing losses also adversely affect the efficiency. 

Two factors l~ay contribute toward the increase in the severity 
of flow septian. Because the guide vaneS caused higher relative 
Mach zxznbers near the rotor tip, higher 8dvWSe we&sure gradients 
through the shock 8nd, hence, inCITe8Sed separation near the tip 
might be expected. Another factor contributing to the unfavorable 
results obtained with the guide vanes involves the effect of the 
guide-vane wakes in creating an unsteady flow field at the rotor 
inlet. In the unsteady field created by the inlet guide vanes, the 
normal shock tends to oscillate in the rotor passage. If 8t z3I-Ly 
t3me the Shock is moved sufficiently forward to be expelled, the 
compressor will stall. Therefore, the greater the amplitude of the 
oscillation, the farther downstream must be the effective ~eitian 
of the norm1 shock. In this manuer, because it is i&possible to 
stablize the norm81 shock as near the minimum section as is possible 
in 8 steady flow field, the addition of' inlet guide vanes results 
in a decrease in compressor pressure ratio and efficiency. It 
appears that this effect of guide-vane w8kes is an inherent loss 
encountered.when inlet guide vanes are used with this type of com- 
preeeor. If the inlet. guide vanes are to increase the pressure 
ratio, the guide vanes mvt have sufficient tuzning to overcome this 
inherent loss. 

. 
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SUMMARYOFRESULTS 

The following results were obtained from a comparison of the 
performance of the 24-inch axial-flow supersonic-compressor rotor 
with and without inlet gui'de vanes: 

1. In geneml, the use of these inlet guide vanes resulted in 
8 decrease in maximum pressure ratio and adiabatic efficiency and a 
alight increase in equivalent m8ss flow. 

2. An increase in the severity of flow eepetration in the cm- 
pressor resulted in poorer diffusion behind the normal shock when 
inlet guide vanes were used. 

3. It is indicated that the unsteady field at the rotor 
entrance resulting from the guide-vane wakes results in au inher- 
ent loss when inlet guide vanes are used with this type of ccm- 
preesor. If inlet guide vzmes 8re to be effective in improving 
the performance of the couqressor, these losses must be considered 
in the design of the inlet guide vanes. 

Lewis Flight Rmpulsian Iaboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio. 
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FIgwe 2. - Averae experimental turning angle of inlet gua3.e -6. 
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Figure 3. - Perform&e characteristics of 24-inch 
supersonic-compressor rotor with inlet guide 
vanes. 
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Figure 4. - Performance characteristics of 24-inch su~sonfc- 
compressor rotor without inlet guide vanes (fig. 2, 
reference 2). 
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Figure 5. - Performance of 24-inch supersonic-compressor 
rotor with and without Inlet guide vanes at maxitnum- 
pressure-ratio conditions. 
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Pm 6. - Entrsnce conditions for supersonic ckqressorvlthd 
vithout lnlet guide -s en Dmasured hy eurvey Fnstnmmnt beixeen 
inlet guide vam3s em5 rotor. Equltient tip speed, 1600 feet per 
second. 
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Figure 7. - Absolute discharge profiles of 24-inch supersonic-compressor 
rotor with and without, inlet guide vanes at maximum-pressure-ratio 
conditions. Equiv+ent tip speed, approximately 1600 feet per second. 
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Figure 8. - Relative discharge profiles of 24-inch supersonic- 
compressor rotor with and withcxtt inlet guide vanes at 
maximum-pressure-ratio conditions. Equivalent tip speed, 
approximately 1600 feet per second. 
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